Abstract: Wafer-scale fabrication of aligned and uniform silicon nanowire (SiNW) arrays is achieved with good controllability and reproducibility by depositing a thin silver film on a silicon surface prior to wet etching. Fast SiNW formation with a rate of 1.4 m/min is achieved with optimized process condition, while lower etching rate enables finer SiNW formation in a small open area. Realized SiNWs are demonstrated to have good material and optical properties. With the help of aligned SiNWs, we demonstrate the fabrication of a black nonreflecting silicon surface with a surface reflectivity of around 2-4% uniformly over a 4-in wafer area. This material is expected to be promising as a building block for various applications due to its lowcost and mass-producible fabrication and excellent characteristics.
Introduction
Silicon nanowire (SiNW) arrays have been extensively used as the building blocks for many emerging technologies, such as biomedical sensing [1] , chemical sensing [2] , transistors [3] , solar cells [4] - [7] , and thermoelectric devices [8] . Various bottom-up growth techniques have been developed to prepare silicon nanostructures [9] - [11] . However, these growth mechanisms have some limitations as they generally require complex and expensive equipment or employ hazardous silicon precursors. Except for bottom-up growth techniques, a sequence of patterning and etching processes are usually required to realize nanostructures in semiconductors. Most of nanostructures are patterned using electron-beam lithography, which has the disadvantages of being time consuming and low throughput. Most of etching processes require a hard mask for the following deep pattern transferring into silicon. Recently, we have realized tall and highly ordered SiNW arrays over a large sample area by using low-cost interference lithography and novel single-step deep reactive ion etching [12] , [13] . With this novel etching process, patterned nanostructures can be transferred directly from resist template into silicon. Another big group of research focuses on SiNW realization by means of metal-induced chemical etching [14] - [19] . Disordered SiNW arrays can be realized by immersing clean silicon wafers in metal-contained aqueous solution, such as HF/AgNO 3 [14] , [15] , or by immersing metal-distributed silicon wafers in oxidizing hydrofluoric acid solution, such as HF/H 2 O 2 [16] , [17] . Silver or gold particles are deposited mostly by electroless plating process as the catalysts in this etching process. Simple, low-cost, and mass-producible fabrication is the obvious advantages of this method. However, agglomeration of the fabricated SiNWs usually takes place at the top surface, resulting in large voids and hence limiting its applications. This is partially due to the random electroless deposition of metal particles which have random sizes and locations. Although aligned and ordered SiNW arrays can be realized with metal-induced chemical etching, additional patterning processes such as nanosphere lithography or interference lithography are still necessary [18] , [19] . In this paper, we present a much simplified fabrication process for synthesizing aligned and uniform SiNW arrays by simply depositing thin silver film on Si surface prior to wet chemical etching in oxidizing HF solution. By characterizing the material and optical properties, SiNWs with low reflection and good uniformity are feasible for applications in wafer-scale device fabrication.
SiNW Fabrication
The synthesis of aligned SiNW arrays is carried out on front-side polished, boron-doped (100) crystalline silicon wafers with a resistivity of 1-10 -cm. Fig. 1 shows the schematic diagram of the proposed fabrication process, aiming to realize vertically aligned SiNW arrays. This process comprises three steps: 1) A thin silver film is deposited onto the cleaned Si surface by electronbeam evaporation with a low depositing rate; 2) the metal-treated Si wafers are immersed in oxidizing hydrofluoric acid solution for anisotropic wet chemical etching; and 3) the as-prepared samples are treated in nitric acid to completely remove the residual silver particles. The main idea of this fabrication process is to replace the randomly distributed silver particles in prior art [14] - [17] with network-like percolated silver film, thus allowing the formation of high-density SiNWs with uniform wire diameters. A similar idea was used in previous work to investigate the role of silver in metal-induced etching process [20] , but the entire etching process needs to be optimized for obtaining aligned and uniform SiNW arrays.
Several experiments have been performed to investigate the effects of different process conditions. For comparisons, the reference process condition is set as the concentrations of HF, H 2 O 2 , and H 2 O being 6.72 M, 0.79 M, and 48 M, respectively, initial silver thickness of 20 nm, and etchant temperature of 25 degree Celsius. The etchant composition is defined as the molar ratio between the H 2 O 2 and HF concentrations, that is, ¼ ½HF=ð½HF þ ½H 2 O 2 Þ. The etchant composition of the reference process condition is 0.89. Unless mentioned, all process parameters in the following experiments are based on the reference process condition. The resultant SiNW profiles are characterized by using a field-emission scanning electron microscope (SEM).
The thickness of silver film is critical to the success of high-quality SiNW formation since the morphology of thin silver film changes with the thickness from the initial nuclei/small grains (2-3 nm), percolated silver channel stage (3-22 nm) to completely continuous (9 22 nm). It was reported that depositing a very thin layer of gold or platinum on Si prior to HF/H 2 O 2 etching produces porous silicon [21] . We also find similar phenomenon for 5 nm thick silver film, as shown in Fig. 2(a) . Since there are many gaps among thin metal clusters, random and disordered silicon etching happens in this case, and no SiNW is produced. Instead, porous silicon surface with a penetration depth of around 1.8 m is realized after 5 min of etching. If the silver film is completely continuous, etched SiNW array is nonuniform because the paucity of gaps prevents the etching solution from contacting with the silicon. The silver film is lifted off at some places where no SiNW are formed, as Except for silver thickness, silicon etching behavior of the proposed method is also determined by varying the etchant composition and etchant temperature. It was reported that high etchant composition ð1 9 9 0:7Þ leads to the formation of straight pores with diameter matching the size of the silver nanoparticles embedded at their bottom [17] . The highest silver penetration rate (up to 4 m/min) happens for an etchant composition of around 0.7 to 0.8. The use of very high etchant composition ð 9 0:95Þ usually results in much lower SiNW etching rate ($ 0:72 m/min for the case of ¼ 0:96 and $ 0:25 m/min for the case of ¼ 1) [15] , [16] . Fig. 3 shows the SEM pictures of realized SiNWs with different etchant compositions. We observe that the agglomeration of fabricated SiNWs happens for the case of lower etchant composition ð ¼ 0:68Þ, as shown in Fig. 3(d) and (e). Thanks for the uniform and close-packed silver nanocluster film, the agglomerated SiNWs still look uniform with a cluster-to-cluster distance of only around 1 m, as compared to that realized with conventional electroless fabrication method [15] . The experiments show that vertically aligned SiNW arrays can be reproducibly realized with an etchant composition of ¼ 0:89, as shown in Fig. 3(a)-(c) . The etchant composition to have similar SiNW profiles ranges from 0.87 to 0.95. The as-fabricated SiNWs are highly uniform over the entire sample area. Fig. 4(a) shows the variation of maximum SiNW height under different etching time. The etching rate is very stable ($1:4 m/min at room temperature) such that the etching depth can be easily controlled. The realized SiNWs are uniform and vertically aligned at least until the SiNW is 40 m tall, as indicated in Fig. 5(a)-(c) . However, as the etching time exceeds 25 min ðSiNW height 9 40 mÞ, silver penetration becomes nonuniform, and some silver nanoparticles even stop scratching silicon. Only a few silver particles left at the bottom after 60 min of etching, even though the maximum SiNW height reaches around 90 m, as shown in Fig. 5(d) . This may be partially due to the fact that the etching solution is hard to reach the bottom of high-aspect-ratio nanostructures, so the entire etching process slows down and finally stops. The etching rate can be further speeded up by increasing the etchant temperature with an increasing rate of around 89 nm/min/degree, as indicated in Fig. 4(b) . However, an increased roughness on the top SiNW surface and SiNW-to-Si interface can be observed as the reaction is accelerated.
The capability of SiNW formation at designated places or within specific areas is important for applying this material to wafer-scale device fabrication, but most of the metal-induced etching processes reported in the literatures focuses on the SiNW realization on the top of blank silicon substrate. It was found to obtain better solar cell performance with the help of patterned SiNWs [7] . Therefore, the characterization of pattern effects to the SiNW formation is necessary. In this paper, a thin resist template is used as the etching mask. The pattern is designed to have different open widths ranging from 10 m to 500 m. Fig. 6(a) shows the variation of SiNW etching rate and total etching rate under different open widths and H 2 O molar concentration. The SiNW etching rate and total etching rate are indicated in Fig. 6(d) . In this experiment, higher etchant composition ð ¼ 0:93Þ is used to obtain slightly lower etching rate, which enables finer SiNW formation in a small open area. We observe that the difference between the SiNW and total etching rate is about 0:2 $ 0:4 m/min for the case of less H 2 O concentration ðH 2 O ¼ 48:3 MÞ in the etchant. On the Fig. 6(d) is the zoom-in of the enclosed area in Fig. 6(c) . Fig. 6 (d) also indicates that lateral SiNW formation happens on the edge of masked areas. Similar results were also obtained in previous study [19] . We believe that every silver nanoparticle can catalyze the etching of contacted silicon freely in random downward directions. This is also the reason why very thin metal films could produce porous silicon surface [21] . Due to the network-like silver nanoclusters which restrict each silver nanoparticle to move freely, collective sinking of silver nanoparticles in downward direction happens in open areas, resulting in the formation of vertically aligned SiNWs.
Material Characterization
We performed the Raman spectroscopy and energy-dispersive X-ray spectroscopy (EDX) measurement to characterize the structural and chemical properties of fabricated SiNW arrays. The measured EDX spectrum of resultant SiNWs shown in Fig. 7(a) confirms that nanowires are purely made of silicon, and no trace of metallic impurities such as silver is observed. Raman spectroscopy is an important technique for nondestructive structural characterization of SiNWs. It has been observed in SiNWs the downshift and broadening of Raman spectra due to the phonon confinement effects [22] - [25] . Such effects are observable only for structures with at least one of the three main dimensions smaller than 15 nm. On the contrary, the spectral changes in Raman spectra of SiNWs with larger diameters are attributed to the intense local thermal heating caused by the pumping laser [25] . As the local temperature of SiNWs increases, the lattice constant increases, and the bonds between atoms weaken, thus broadening the Raman line of SiNWs asymmetrically, which can be well fit by a Fano resonance line shape that is associated with an interfering continuum scattering process activated by the incident laser irradiation [24] . The heating of the nanowire can be exaggerated by poor thermal resistance of the nanowires and tight focusing of the incident laser beam. The local temperature in the SiNWs is approximately linear with the incident laser power and could be as high as 400 $ 500 K for a laser power of $1 mW [24] . This local heating phenomenon is peculiar to nanostructures and is generally not observed in bulk silicon.
The Raman spectra for bulk silicon and SiNWs realized by the proposed fabrication method are shown in Fig. 7(b) . The spectra for excitation with different laser powers are also shown for comparison. The laser wavelength is fixed at 514 nm. Ten times longer integrating time is used for Raman characterization with lower laser power (P ¼ 85 W, corresponding to a power density of 4:3 Â 10 6 W/m 2 ) to obtain almost the same energy as that with higher laser power (P ¼ 1:01 mW, corresponding to a power density of 5 Â 10 7 W/m 2 ). Enhanced Raman intensity of SiNWs is observed as compared to that of bulk silicon due to the increased transmitted excitation intensity into the SiNW material [15] . Since the dimension of realized SiNWs is large in diameter (initially 66 nm to 115 nm in most area; decreases with the etching time) and length (half micrometer to tens of micrometers), the main reason to the spectral changes of high-power (1.01 mW) irradiated SiNWs is attributed to much increased local temperature in SiNWs. A small phonon band shift of $1 cm À1 and a full-width at half-maximum (FWHM) broadening of only 0.4 cm À1 are also observed in 84-W irradiated SiNWs. We still attribute this phenomenon to small amount of elevated local temperature in SiNWs caused by laser. Fig. 8 shows the peak and FWHM of Raman spectra for the SiNWs of different etching time under different laser power excitation. The dashed line indicates the case for original p-type silicon. A larger downshifted and broad peak can be observed for the excitation with higher laser power, especially for the changes in FWHM values. As the SiNWs are taller (longer etching time), the Raman peak of SiNWs moves further to lower frequencies while its FWHM value remains almost the same. Since the SiNWs become taller and slightly smaller with the increasing etching time, we attribute the spectral changes to the increased local temperature in SiNWs due to the low thermal conductivity of tall and smaller SiNWs as well as the poor thermal contact with the substrate [8] .
Optical Characterization
Nanostructures can be used as a surface antireflection layer for improving the performance of many optical and optoelectronic devices [4] - [7] . SiNW arrays realized by conventional electroless silver deposition and wet chemical etching were found to provide good antireflective properties [26] . However, as mentioned above, the wire agglomeration due to random deposition of silver nanoparticles results in large voids and thus degrades the antireflective properties [15] . Besides, unlike the conventional scheme requiring critical control of the chemical solution, our approach is relatively simple and advantageous for realizing uniform SiNWs over large area because it only requires deposition of a thin silver film. Fig. 9 shows the photograph of the fabricated SiNWs over 4-in wafer area. The SiNW sample appears totally black with good uniformity, as compared to the gray and polished surface of original silicon substrate. This verifies low surface reflection over the whole 4-in SiNW sample.
Optical reflection and transmission of SiNW sample is measured for the spectral regions above and below the bandgap of silicon with a spectrophotometer (JASCO UV-Vis/NIR spectrophotometer V-670) equipped with an integrating sphere. Fig. 10(a) shows the comparison of optical reflection between bare silicon and 5-m tall SiNWs. In the Si absorption region, the reflection spectrum of original bare silicon shows the typical high reflectivity of the front polished surface. The higher reflectivity below the fundamental absorption bandgap E gap of silicon is due to the additional diffuse reflection from the back silicon surface. After realizing 5-m tall SiNWs on the top, the total surface reflectivity in the spectral region above E gap has decreased down to around 2-4%. The net internal absorption A is calculated from the corresponding reflection R and transmission T according to R þ T þ A ¼ 1. With the help of SiNWs, the amount of absorbed light is significantly increased from below 0.65 to above 0.96 in the entire Si absorbing region, as shown in Fig. 10(c) . However, in the Si transparency region, the decreased reflection of the SiNW surface is not accompanied by a corresponding increase of transmitted light but leads to even lower optical transmission as compared to that of bare silicon, as shown in Fig. 10(b) . It indicates that there is strong residual absorption below the Si bandgap in 5-m tall SiNWs. We attribute this residual absorption to strong infrared light trapping coupled with the presence of surface states on the nanowires that absorb below bandgap light. This subbandgap absorption also occurred in microstructured silicon [27] and can be slightly decreased with post annealing process [27] , [28] .
Conclusion
We demonstrate a simple fabrication approach to realize aligned, high-density, and uniform SiNW array by depositing thin silver film on Si surface prior to wet chemical etching in oxidizing HF solution. The main idea of this fabrication process is to replace randomly distributed silver particles with network-like percolated silver film as the catalyst for SiNW formation, trying to avoid the agglomeration issue which usually happens in the conventional electroless deposition scheme. The control of silver thickness and etchant composition is the key to the success of this fabrication approach. With a silver thickness of 20 nm and an etchant composition of 0.89, high-quality SiNW arrays are realized with good reproducibility and controllability. The SiNW etching rate is fast ð$1:4 m/minÞ and stable and can be further speeded up by lifting the etchant temperature such that the etching depth can be easily controlled. We also developed the etching conditions for a lower etching rate to enable finer SiNW formation in small open area.
The EDX characterization has confirmed that nanowires are purely made of silicon; and no trace of metallic impurities such as silver is observed. Downshifted and broad Raman peak is also found in realized SiNWs which is attributed to the local laser heating effect. This phenomenon is even obvious in taller and smaller SiNW due to its poor thermal conductivity. The fabricated SiNWs are very effective in reducing the surface reflection of silicon samples over a broad spectral region. We demonstrate the fabrication of aligned SiNWs with black and uniform surface over 4-in wafer area. Around 2-4% total surface reflection in above-bandgap spectral region is obtained with 5-m tall SiNWs. The proposed approach is feasible for mass production of high-quality SiNWs for various applications.
